Taxol is an antitumor drug approved for the treatment of ovarian, breast, and lung carcinomas (1) . The cellular target for Taxol is the microtubule, specifically ␤-tubulin (2, 3). The binding site for the drug is on the microtubule polymer, and the addition of Taxol to the polymer results in the stabilization of microtubules (4) . The maximum effect of the drug is observed when the drug binds to the microtubule with a stoichiometry, relative to the tubulin heterodimer, approaching one (5, 6) .
When cells are incubated with Taxol (M concentrations), there is a reorganization of the microtubule cytoskeleton with the formation of stable bundles of microtubules. The normal assembly/disassembly dynamics of microtubules are disrupted and cells are arrested in the G 2 /M phase of the cell cycle with inhibition of normal cell division (7) . However, when cells are incubated with low concentrations of Taxol (10 nM), microtubule dynamics are suppressed with a concomitant induction of apoptosis (8, 9) .
We have used photoaffinity labeling methods to locate the sites at which Taxol interacts with the microtubule. First, we have shown that direct photolabeling of tubulin with Taxol resulted in the labeling of ␤-tubulin (3) . Further studies with [ 3 H]3Ј-(p-azidobenzamido)Taxol (where the arylazide was incorporated into the C-13 side chain) resulted in the isolation of a photolabeled peptide containing amino acid residues 1-31 in ␤-tubulin (10). Studies with [ 3 H]2-(m-azidobenzoyl)Taxol (where the photoreactive group is attached to the B ring of the taxoid nucleus) have shown that a peptide containing amino acid residues 217-233 of ␤-tubulin is involved in Taxol binding (11) .
In the present study we have used a photoreactive Taxol analogue containing a BzDC 1 substituent at the C-7 position, [ 3 H]7-BzDC-Taxol (Fig. 1) , to photolabel microtubules. In contrast to the previously used arylazide-containing Taxol analogues that, like Taxol, polymerize tubulin to microtubules in the absence of GTP and stabilize them against depolymerization by cold, this 7-BzDC analogue of Taxol does not enhance the polymerization of microtubules, although it does stabilize GTP-induced microtubules against depolymerization. The results presented here show that [ 3 H]7-BzDC-Taxol photocrosslinks to Arg 282 of ␤-tubulin. By mapping this site, along with the information available from our previous photoaffinity labeling studies and from recent electron crystallographic studies that located the binding pocket for Taxotere in ␤-tubulin (12), it has become possible to visualize the contact regions between the Taxol analogues and the ␤-tubulin molecule by molecular modeling. There is, in general, concordance between the taxane binding site as determined by electron crystallography and photoaffinity labeling.
MATERIALS AND METHODS
[ 3 H]7-BzDC-Taxol (50 Ci/mmol) was synthesized as described previously (13, 14) . Taxol was obtained from the Drug Development Branch, National Cancer Institute, Bethesda, MD. Sequencing grade clostripain was purchased from Promega, and cyanogen bromide (CNBr) was from Pierce.
Preparation and Polymerization of Microtubule Protein (MTP)-Two
cycle-purified bovine brain MTP (15) , at a concentration of 1 mg/ml (tubulin concentration, 85%), were suspended in assembly buffer containing 0.1 M MES (pH 6.6), 1 mM EGTA, 0.5 mM MgCl 2 , and 3 M glycerol at 37°C. Assembly was monitored spectrophotometrically at 350 nm by following the change in turbidity that is representative of polymer mass (16) . Electron microscopy was performed as described previously (3) . Photoaffinity Labeling Studies and CNBr Digestion-For mapping studies, 1 mM GTP was added to 1 mg/ml MTP in assembly buffer at 37°C. After 30 min, [ 3 H]7-BzDC-Taxol (10 M, 0.5 Ci/mmol) and Tween 20 (1% final concentration) were added to the polymerized microtubules and incubated for an additional 30 min. Photolysis was carried out on ice water in a multiwell plate for 2 h using a 350-nm ultraviolet light (model RPR-3500 Å; Southern New England Ultraviolet Co., Branford, CT) at a distance of 1.5 cm. Photolabeled MTP was resolved by SDS-PAGE on a 9% gel and transferred to nitrocellulose for CNBr digestion. For fluorography, the gels were stained with Coomassie Blue R-250, destained, treated with EN 3 HANCE, and exposed to Kodak X-Omat AR film at Ϫ70°C.
The tubulin-containing portion of the nitrocellulose membrane was excised and digested with CNBr (150 mg/ml in 70% formic acid for 3.5 h) as described previously (17) . The supernatant containing the released peptides was removed, diluted with an equal volume of 6 M guanidine HCl, and chromatographed on an Aquapore RP-300 C-8 column (2.1 ϫ 220 mm) using an HP1090 liquid chromatograph. The peptides were eluted with a linear gradient A from 80% H 2 O, 0.1% TFA and 20% acetonitrile, 0.1% TFA to 30% H 2 O, 0.1% TFA and 70% acetonitrile, 0.1% TFA in 50 min. The flow rate was 0.2 ml/min, and 1-min fractions were collected. The peak radioactive fraction was further purified on a Superdex Peptide HR 10/30 gel filtration column (Amersham Pharmacia Biotech) using 25% acetonitrile, 0.1% TFA as the eluant. The flow rate was 0.25 ml/min, and 1-min fractions were collected. The peak radioactive fraction was further purified by C-8 reverse phase HPLC (see above) and eluted with a linear gradient B from 70% H 2 O, 0.1% TFA and 30% acetonitrile, 0.1% TFA to 50% H 2 O, 0.1% TFA and 50% acetonitrile, 0.1% TFA in 60 min. Amino acid sequencing was performed using the Procise TM sequencer (Applied Biosystems) at the Laboratory for Macromolecular Analysis, Albert Einstein College of Medicine.
Arginine-specific Cleavage-The purified CNBr radioactive peptide was digested with clostripain (18) according to the manufacturer's instructions (Promega). Briefly, the peptide was digested overnight with clostripain (1.0 g) in a total volume of 0.25 ml containing TrisHCl (100 mM, pH 7.5), dithiothreitol (2.5 mM), urea (1 M), and CaCl 2 (50 mM) at 37°C. An additional 0.5 g of enzyme was added, and the incubation continued for 4 h. After digestion, an equal volume of 6 M guanidine HCl was added, and the resulting peptides were resolved by reverse phase HPLC using gradient B. The radioactive peak was identified and sequenced.
Molecular Modeling-Models for 7-BzDC-Taxol were constructed based on the x-ray crystal structures of Taxotere (19) and Taxol (20) and minimized using the Tripos force field with Gasteiger-Hü ckel charges (Sybyl 6.4). The conformation of the 7-BzDC moiety was selected from among several low energy structures to best illustrate its established interaction with ␤-tubulin Arg 282 . The azido groups (10, 11) (represented by the nitrene photoreactive equivalent) were introduced to the composite model of the three photoaffinity analogues. The baccatin cores, for the two low energy conformations of 7-BzDC-Taxol, were superimposed on the baccatin as represented in the tubulin model (12) (Insight II v. 95.0), and their position was adjusted to accommodate Van der Waals contacts.
RESULTS
In contrast to Taxol, 7-BzDC-Taxol (10 M) failed to induce microtubule polymerization when added to MTP in assembly buffer ( Fig. 2A) . Electron microscopy confirmed that 7-BzDCTaxol did not induce the formation of microtubules (data not shown). However, microtubules formed in the presence of GTP became resistant to cold-induced depolymerization when 7-BzDC-Taxol was added (Fig. 2B) .
Photolysis at 350 nm of MTP (4.25 M tubulin) incubated with [ 3 H]7-BzDC-Taxol (5 M) resulted in specific photolabeling of tubulin. Because the major radioactivity band was located between the ␣-and ␤-tubulins, it was not possible at this stage to conclude which subunit was labeled (Fig. 3) . The extent of photoincorporation increased with time reaching ϳ4% after 2 h of photolysis. The specificity of photoincorporation was demonstrated by including a 10-fold excess of unlabeled 7-BzDC-Taxol (Fig. 3) , or a 50-fold excess of Taxol (data not shown). The addition of either compound with [ 3 H]-7-BzDCTaxol resulted in a significant reduction (ϳ90%) of the covalent incorporation of the photoreactive Taxol analogue.
To map the binding site of [ 3 H]7-BzDC-Taxol in microtubules, the CNBr-released [ 3 H]photolabeled peptide(s) was initially purified by C-8 reverse phase HPLC (Fig. 4A) followed by gel filtration chromatography on a Superdex Peptide HR column (Fig. 4B) . The elution position of the 3 H-labeled peptide(s) on the gel filtration column suggested a molecular mass of ϳ3.5 kDa. Likewise, SDS-PAGE/fluorography of the released peptides revealed a single major radioactive band of ϳ3 kDa (data not shown). After the gel filtration step, the 3 H containing peptide(s) was repurified on a C-8 reverse phase HPLC column (Fig. 4C ) and subjected to N-terminal amino acid sequencing. The following single sequence was identified: Pro-Gly-Phe-AlaPro-Leu-Thr-Ser-Arg-Gly-Ser-Gln-Gln-Tyr-Xaa-Ala-. Based on the specific activity of [
3 H]7-BzDC-Taxol, 14 pmols of 3 H-labeled peptide was loaded onto the sequencer, and 7 pmols of phenylthiohydantoin proline was identified in the first cycle. The amino acid sequence obtained was identical with those amino acids in the CNBr fragment 268 -293 of pig brain ␤-tubulin (21) . No identifiable amino acid could be detected at the position corresponding to amino acid 282 in our sequencing studies. The amino acid residue in the published pig sequence was Arg, which is highly conserved across species (22) .
To identify the amino acid(s) in ␤-tubulin modified by 7-BzDC-Taxol, the purified [
3 H]7-BzDC-Taxol-photolabeled CNBr peptide was digested with clostripain. Clostripain digests specifically at the C terminus of arginine residues. Complete digestion of the [ 3 H]7-BzDC-Taxol-photolabeled CNBr fragment (amino acids 268 -293) should produce three peptides because of the presence of two arginine residues at positions 276 and 282. After purification of the clostripain-digested peptide by reverse phase HPLC, a single radiolabeled peptide was obtained. Edman degradation revealed that this peptide corresponded to amino acids 277-293 of ␤-tubulin. In another sequencer run, the final conversion of the aminothiazolinone amino acids to the corresponding phenylthiohydantoin-amino acids was omitted, and the derivatives at each cycle were collected and counted. The majority of the tritium was released during the 6th cycle i.e. Arg 282 (Fig. 5) (12, 23) have succeeded, by electron crystallography, in obtaining a model of the ␣,␤-tubulin dimer fitted to a 3.7 Å density map. In their structure, obtained using zinc-induced tubulin sheets, the Taxotere binding site was located at one side of the ␤-tubulin monomer that is believed to reside in the microtubule lumen. Because the 3.7-Å resolution structure of tubulin is derived from an unnatural polymer of zinc-induced tubulin sheets stabilized by Taxotere, it is desirable that the structure be verified by independent methods. One obvious approach is to use Taxol analogues with photoreactive substituents at defined positions around the taxane nucleus and to ascertain the precise site of photoincorporation. We have used this method in the past, prior to the studies of the tubulin dimer structure by electron crystallography, to map the domains on ␤-tubulin that make contact with the C-3Ј-benzamido (10) and the C-2 benzoyl (11) groups of Taxol. However, in these photoaffinity labeling studies done with arylazide-containing analogues, we were never able to define the precise site of photoincorporation. For example, the site of labeling of the C-3Ј-benzamido analogue was contained within the N-terminal 31 amino acids, whereas the 2-benzoyl group interaction site was somewhere between amino acids 217-233. Such data are not of sufficient resolution to verify the recently obtained structural model of the Taxotere binding site in ␤-tubulin (12) . For this reason, we decided to revisit the problem of defining the precise sites of photoincorporation using benzophenone-based photochemistry (24) .
In this study, we used [ 3 H]7-BzDC-Taxol to photolabel microtubules and to map the site of incorporation in the ␣,␤- (fractions 36 -40) . B, gel filtration purification of a [
3 H]7-BzDC-Taxolphotolabeled CNBr peptide. The peak radioactive fraction from the reverse phase HPLC run (from A) was loaded on a Superdex Peptide HR 10/30 (Amersham Pharmacia Biotech) gel filtration column that had been equilibrated and was eluted with 25% acetonitrile, 0.1% TFA. Ϫ, absorbance at 214 nm; q, radioactive profile. The elution position of a chemically synthesized peptide corresponding to the N-terminal 31 amino acids of human ␤-tubulin (ϳ3.5 kDa) is shown at the arrow (2) . Column volume (V c ) was marked by the elution position of guanidine HCl (molecular mass 95.5 Da). The recovery of radioactivity was ϳ67% (fractions 40 -43). C, repurification of the [ 3 H]7-BzDC-Taxol-photolabeled CNBr peptide recovered from B. The major radioactive fractions from the gel filtration column were pooled and repurified on a C-8 reverse phase column using a gradient of acetonitrile/H 2 O with 0.1% TFA as described under "Materials and Methods." Ϫ, absorbance at 214 nm; q, radioactive profile. The recovery of radioactivity was ϳ80%.
(fractions 42-44).
tubulin heterodimer. The structure-activity relationships of Taxol and its analogues have been investigated by cytotoxicity and microtubule polymerization/stabilization assays. The evidence indicates that the 7-OH position is not important for Taxol activity because it may be esterified, epimerized, or even removed without significant loss of activity (25) . However, there are studies indicating that the size of the substituent at this position may influence polymerization activity (26, 27) . In agreement with these studies, we found that the presence of the bulky 7-BzDC substituent results in a Taxol analogue that cannot enhance the polymerization of microtubules but can, however, stabilize GTP-induced microtubules against depolymerization by cold temperatures. It has been suggested that this phenomenon may be because of different conformations of the Taxol binding site in small oligomers and in the mature polymer (26) . An alternative explanation is that 7-BzDC-Taxol may be able to bind to small oligomers, but the presence of the bulky C-7 substituent prevents tubulin dimers from adding to these stabilized nucleation centers. In agreement with this idea, the loop containing Arg 282 , the M loop, has been shown to be involved in the lateral interactions between protofilaments (28).
With [ 3 H]7-BzDC-Taxol, we have been able to identify the amino acid Arg 282 in ␤-tubulin as the site of photoincorporation. This result, in conjunction with the definition of two other binding domains obtained through photoaffinity labeling studies using arylazide analogues, has allowed us to envision a qualitative model for the binding of Taxol to tubulin that strengthens the tubulin crystal model presented by Nogales and co-workers (12) . We have looked at Taxol containing nitrenes at the para position of the C-3Ј benzamido (labeling residues ␤ 1-31) and meta position of the C-2 benzoyl moieties (labeling residues ␤ 217-233), and the BzDC group at the C-7 position (labeling ␤-Arg
282
) as a composite model for defining the three Taxol-tubulin contacts. Although the position of the baccatin skeleton is essentially correct, the side chain conformation is not consistent with the proposed Taxotere model, as determined by electron crystallography. With only a slight deviation, of 2.79 Å, from the proposed position of the baccatin core in the tubulin model (12) , the benzophenone oxygen atom of the BzDC moiety can be located an ϳ3-Å distance from the ␣-carbon of the ␤-Arg 282 (Fig. 6A) . Moreover, in its energyminimized conformation based on the Taxotere x-ray structure (19) , the nitrene moiety at the meta position of the C-2 benzoyl moiety is clearly close to its labeled domain (␤ 217-233) and approaches the imidazole ring of His 227 that may be the site of photoincorporation (Fig. 6A) . In this conformation, the nitrene at the para position of the C-3Ј benzamido moiety is closer to the ␤ 217-233 amino acid residues than the ␤1-31 sequence, which is not consistent with the photoaffinity labeling result (10) . However, the energy-minimized conformation of C-7- 3 H]7-BzDC-Taxol-photolabeled-CNBr peptide (see Fig. 4C ) was digested with clostripain and the resulting tritium-labeled peptide, after purification by C8 reverse phase chromatography, was subjected to N-terminal Edman sequence analysis. The amino acid residues depicted on the bar diagram come from the published pig sequence (21) . The radioactivity (cpm) released during each cycle was determined. The recovery of radioactivity was ϳ50%.
FIG. 6. 7-BzDC-Taxol (cyan) conformers based on the x-ray crystal structures of Taxotere (A) and Taxol (B) docked into the electron crystal structure of tubulin (12) . Close proximity of the C-7BzDC moiety to ␤ Arg 282 as well as of the nitrene at the meta position of the C-2 benzoyl moiety to ␤ His 227 is confirmed for these conformers. The nitrene at the para position of the C-3Ј benzamido moiety is close to ␤ Val 23 in B. However in A, it is close to ␤ His 227 , whereas the closest amino acid in the N-terminal 31 amino acids is Lys 19 . Obviously, the conformer B (Taxol) but not A (Taxotere) is consistent with the three photoaffinity labeling results. A third conformer, determined from a solution NMR study (29) , was also found to be in clear agreement with the photoaffinity labeling result (C). The baccatin core of Taxotere included in the tubulin crystal structure (red, A) shows some distortion from that of the energy-minimized 7-BzDC-Taxol. The conformation of the C-13 side chains of Taxol and Taxotere are distinct (20) . The position of the conformers in the binding pocket was adjusted within the error of the tubulin crystal structure to accommodate van der Waals contacts.
BzDC-Taxol based on the Taxol x-ray structure (20) places the nitrene on the C-3Ј benzamido moiety close to Val 23 ( Fig. 6B ) in good agreement with the photoaffinity labeling result (10) , as well as the tubulin crystal structure (12) . We also docked the C-7-BzDC-taxol structure based on a third Taxol conformation previously found by us to be prevalent in polar solvents at ambient temperature (Fig. 6C) (29) . This structure also is in clear agreement with the photoaffinity-labeling results and strongly suggests that Taxol is interacting with cellular microtubules as depicted in the molecular model that has been described (12) . The functional importance of the binding of Taxol to ␤-tubulin is exemplified by the mutations described in ␤-tubulin that result in resistance to Taxol (30, 31) and in the correlation reported for ␤-tubulin mutations and response to Taxol in non-small cell lung cancer (32) .
